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Anisotropic superconducting properties of MgB2 single crystals probed
by in-plane electrical transport measurements
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We report on the study of the electronic anisotropy of the MgB2 superconductor using the in-plane resistivity
measurements in the magnetic field applied perpendicular and parallel to Mg and B planes of MgB2 single
crystals. The results show the temperature dependent anisotropy of the upper critical field with the anisotropy
ratio g5Hc2i /Hc2' increasing from 2.2 close toTc up to about 3 below 30 K. Our estimation of the in-plane
and out-of-plane coherence length of aboutjab(0)568 Å andjc(0)523 Å and the electronic mean-free path
l ab5240 Å andl c560 Å, respectively, indicates MgB2 single crystal approaches the clean limit type-II su-
perconductor.
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The superconductivity at about 39 K in magnesiu
diboride1 has stimulated considerable interest in the study
various properties of this compound. Observation of the
ron isotope effect2 as well as band structure calculation3

indicate phonon-mediated superconductivity in MgB2.
Transport and magnetization measurements of the u
critical field4–8 and critical current density9,10 of MgB2 re-
vealed properties typical for a type-II superconductor. Sin
the crystal structure of MgB2 consists of alternating Mg an
B sheets, the electronic anisotropy of this material may
expected. Clear signs of the anisotropic nature of MgB2 has
been demonstrated from measurements performed on
films,11,12 aligned crystallites,13 and fine powder14 samples.
However, results obtained by various groups give very d
ferent estimations ofHc2 anisotropy ratio ranging fromg
51.7– 2 obtained for thin films11,12and aligned crystallites13

up to g56 – 9 for randomly oriented powder samples.14

Recently Leeet al. reported on the growth of submillime
ter MgB2 single crystals under high pressure in the Mg-B
system.15 The availability of such crystals opens a nice o
portunity for direct probe of anisotropic behavior of th
MgB2 superconductor, and from resistivity measureme
performed in Ref. 15 the upper critical field anisotropy ra
of about 2.7 was estimated.16 Here we present results of th
detailed study of the in-plane transport properties of Mg2
single crystals in magnetic field up to 6 T applied perpe
dicular to Mg and B planes (H') and up to 16 T in paralle
field orientation (H i). The obtained results allow one to d
termine the upper critical fields and, thus, to get informat
about superconducting coherence lengths and supercon
ing state anisotropy.

Magnesium diboride single crystals have been grown
the quasiternary Mg-MgB2-BN system at high pressure an
temperature of 4–6 GPa and 1400–1700 °C, respectiv
The MgB2 precursor was prepared from magnesium pow
~99.9% Rare Metallic Co.! and amorphous boron~97% Her-
mann C. Starck!. Single crystal growth was performed in B
crucibles in the presence of longitudinal temperature grad
of about 200 °C/cm in a cubic-anvil press~TRY Engineer-
ing!. In optimal conditions shiny gold-colored single crysta
of size up to 0.7 mm were grown. Several platelike sin
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crystals of size of about 0.530.130.05 mm3 have been cho-
sen for our study. The in-plane transport measurements h
been performed in a usual four probes linear geometry w
transport current directed along Mg and B planes. Electr
contacts were made using gold or silver paste without s
sequent heat treatment. Contact resistance was aroundV
for current contacts and slightly higher~about 3–5V! for
potential ones. To measure current-voltage response, we
usual low frequency~17 Hz! lock-in ac technique with exci-
tation current in the range 0.2–2.0 mA and voltage resolut
of about 0.3 nV. Magnetic fields up to 9 T were generated
superconducting solenoid, while measurements in high fie
up to 16 T were performed in a pulsed magnet. For meas
ments inside superconducting solenoid the samples w
mounted in a rotatable sample holder with an angular re
lution of 0.05°, allowing for accurate single crystal alig
ment with respect to magnetic field. In pulsed magnetic fi
experiments, accuracy of field alignment along Mg and
planes is estimated to be within 2°–3°.

In Fig. 1, we present zero-field temperature dependenc
the resistance for several MgB2 single crystals. The inset in
Fig. 1 is an enlarged view of the resistivity data nearTc . The
results for three different samples demonstrate remark
reproducibility giving a proof of high quality of our single

FIG. 1. Normalized zero-field temperature dependence of
in-plane resistivity for three different MgB2 single crystals mea-
sured at current 0.5 mA. Inset: Zero-field resistive supercond
ing transitions for the same crystals.
©2002 The American Physical Society01-1
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crystals. In particular, all samples show sharp supercond
ing transitions atTc , defined as the resistivity onset wit
criterion of 2% of the full resistivity drop, around 38.5–38
K with a transition widthDT(10– 90 %),0.3 K. Just above
the superconducting transition, atT540 K, we estimater
5160.15mV cm. Some scattering in the absolute valu
for the resistivity of different samples is believed to be due
the uncertainty in contact geometry resulting from sm
crystal size. In the normal stater(T) dependence is wel
fitted to a power lawTa with 2.7,a,2.8 at T,200 K,
which is similar to previously reported results obtained
bulk sintered polycrystalline samples.5,7 Also, for all three
single crystals we found close values of residual resistiv
ratio, RRR5r(273 K)/r(40 K)54.960.3.

The characteristic results of our experiment are shown
Fig. 2. Plotted are resistive superconducting transitions
sample 1 at various magnetic fields up to 6 T forH perpen-
dicular to Mg and B planes~upper panel! and up to 9 T in
Hiab orientation~lower panel!. In both orientations trans
port current direction is perpendicular to magnetic field. B
fore we start to describe the anisotropic properties of Mg2
single crystal, let us briefly consider peculiar voltage no
appearing inHic field orientation in the low temperatur
part of the superconducting transition atT,15 K ~see upper
panel of Fig. 2!. Although the maximal value of noise leve

FIG. 2. Upper panel: Superconducting transitions at vari
magnetic fields of~from right to left! 0, 0.2, 0.5, 1, 1.5, 2, 2.5, 3
3.5, 4, 4.5, 5, 5.5, and 6 T applied perpendicular to Mg and
planes. Lower panel: Superconducting transitions in parallel fie
of ~from right to left! 0, 0.2, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, and 9 T.
both field orientationsI 50.5 mA and its direction is perpendicula
to the magnetic field. Different transition temperatures for a giv
applied field demonstrate the upper critical field anisotropy
MgB2 single crystal.
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was found to decrease at smaller excitation currents~not
shown!, this noisy voltage response was clearly seen at
lowest value of transport currentI 50.2 mA (J'4 A/cm2)
used in our study. Very similar behavior was also found
the measurements on samples 2 and 3, thus, indicatin
intrinsic origin, probably related to the weak pinning prope
ties of MgB2 single crystal. However, for the context of th
present paper, we note that this voltage noise does not a
our observation of anisotropic superconducting proper
and defer its further discussion.

From different transition temperatures at a given value
magnetic field, the anisotropic behavior of MgB2 single crys-
tal is clearly seen in Fig. 2. In particular, increasingHic
results in a much more rapidTc decrease compared toHiab
field geometry. AtH'56 T the superconducting transition
almost completely suppressed aboveT54.2 K, while in par-
allel field of the same magnitude it was found around 25
Also, with the increase of magnetic field the structure
superconducting transition itself changes in a very differ
way in two field orientations. ForHiab the effect of mag-
netic field is to shift the transition to lower temperatures w
a relatively smallDT increase. On the contrary, inHic ori-
entation, at fields of about 1–1.5 T we found a drastic cha
of the shape of the superconducting transition. Figure 3
lustrates this observation in more detail. Plotted are volt
response vs temperature for sample 3 taken at various
rents atH51 T ~upper panel! and H52.5 T ~lower panel!.
At H51 T the superconducting transition is extremely sha
at low currents, while atH52.5 T the voltage response dis
plays a more gradual behavior with temperature. This ob
vation resembles transformation of the superconducting t

s
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FIG. 3. Temperature dependence of the voltage response at
ous currents in magnetic field of 1 T~upper panel! and 2.5 T~lower
panel! applied perpendicular to Mg and B planes.
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sition near the critical point in the melting line of ‘‘clean
YBa2Cu3O72d single crystals, where the sharp resistan
step associated with the flux line lattice melting below t
critical point was replaced by a smooth continuous transit
at higher fields.17 From both panels in Fig. 3 one can also s
strongly non-Ohmic behavior developing in the entire te
perature region belowTc . We rule out the possibility tha
this nonlinearity may be due to simple thermal effects sin
in measurements of zero-field transitions linear voltage
sponse was found in the same range of excitation curre
We note that the non-Ohmic behavior found in MgB2 single
crystals is in striking contrast to the linear voltage respo
observed in the broad region of the vortex-liquid state ab
the melting transition in YBa2Cu3O72d single crystals.18,19

Now we discuss the magnetic phase diagram of Mg2
single crystal deduced from our in-plane transport meas
ments~see Fig. 4!. Since for sample 1 superconducting tra
sition was measured by sweeping temperature at fixed m
netic fields, for each field three data points are shown a
function of temperature: resistivity onset, transition m
point, and temperature of vanishing resistivity. On the ot
hand, for sample 2, measurements have been performe
fixed temperatures in a pulsed field, and the same th
points on the superconducting transition are shown in dep
dence on field. As mentioned above, we associate resist
onset with the upper critical field,Hc2(T). The data for both
single crystals demonstrate relatively close agreem
Slightly lower values of the upper critical fields for sample
may be due to possible field misalignment from theab

FIG. 4. Magnetic phase diagram of MgB2 single crystal deduced
from the in-plane temperature-dependent~sample 1! and field-
dependent~sample 2! resistivity data as described in text. Fo
sample 1 resistivity onset and transition endpoint are vertical b
and symbols are midpoints of the transition as a function of te
perature. For sample 2 horizontal bars and symbols show resist
onset, completion, and transition midpoint as a function of magn
field, respectively. For both samples the solid lines demonst
transition width. The dotted lines are guides for the eye and re
sent temperature dependence of parallel (Hc2i) and perpendicular
(Hc2') upper critical field for sample 1. The dashed lines repres
a linear fit toHc2i(T) and Hc2'(T) at intermediate temperature
Inset: Hc2(T)/Hc2(0) vs T/Tc nearTc for magnetic field parallel
and perpendicular to Mg and B sheets (Tc538.5 K, Hc2i(0)
521 T, Hc2'(0)57.3 T). Lines represent fit to Eq.~1!.
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planes in pulsed magnetic field experiment.20 For both field
orientationsHc2(T) dependence shows distinct positive cu
vature extending fromTc down to approximately 30 K.
Similar positive curvature ofHc2(T) dependence was re
cently observed on dense MgB2 wires7 as well as sintered
polycrystalline samples.5,8 With the further decrease of tem
peratureHc2i(T) as well asHc2'(T) dependence display
linear increase and below 15–20 K start to saturate. T
upper critical field anisotropy ratio, g5Hc2i /Hc2'

5(mc /mab)
0.5, calculated for sample 1 at different temper

tures, shows temperature dependence increasing fromg
52.2 close toTc up tog'3 atT530 K. At lower tempera-
turesg remains nearly unchanged. The obtained value of
electronic anisotropyg'3 places the MgB2 compound in
between strongly anisotropic high-Tc superconductors with
anisotropy ratio ranging fromg55 – 7 for optimally doped
YBa2Cu3O72d up to g550– 200 for Bi2Sr2CaCu2O81d
~Ref. 21! and slightly anisotropic (g51 – 1.15) other layered
boride superconductorRNi2B2C ~R5Y, Lu! with crystal
structure composed of alternatingRC and Ni2B2 sheets.22

From the available data for sample 1 we estim
Hc2'(0)57.0– 7.5 T and Hc2i(0)5gHc2'(0)521– 22 T.
According to the relations for anisotropic superconduct
Hc2'(T)5f0 /(2pjab

2), wheref0 is the flux quantum and
g5Hc2i(0)/Hc2'(0)5jab(0)/jc(0), this corresponds to
the in-plane and out-of-plane coherence lengthjab(0)
'68 Å and jc(0)'23 Å, respectively. Using normal stat
resistivity measurements ofr(40 K)51 mV cm, the in-
plane Fermi velocity of 4.93107 cm/s~Ref. 3!, and a carrier
density of 6.731022 e/cm3 for two free electrons per uni
cell, we evaluate the in-plane electronic mean-free path
about 240 Å nearTc . The out-of-plane resistivity for MgB2
single crystals is about four times higher compared to
in-plane one.23 Given the out-of-plane Fermi velocity o
4.763107 cm/s ~Ref. 3! we get the out-of-plane mean-fre
path of about 60 Å close toTc . Thus, comparable values o
coherence length and electronic mean-free path indicate
MgB2 single crystal as approaching clean limit type-II sup
conductor.

Finally, we discuss peculiar upward curvature inHc2(T)
dependence observed for MgB2 single crystals nearTc .
Similar positive curvature inHc2(T) has been previously
reported for intermetallic borocarbides.22,24,25It was success-
fully described within the effective two-band model fo
type-II superconductors in the clean limit.24 As mentioned
above, MgB2 single crystal is also close to the clean lim
On the other hand, some differences between MgB2 and bo-
rocarbides should be noted. InRNi2B2C ~R5Y, Lu! com-
poundsHc2(T) dependence displays the same positive c
vature for both parallel and perpendicular magnetic fi
orientations, and the out-of-plane anisotropy ofHc2 does not
depend on temperature.22,25 In striking contrast, in MgB2 the
upward curvature inHc2(T) is much more pronounced in
parallel magnetic field orientation compared to perpendicu
~see inset in Fig. 4!. In the temperature range above 0.7 T/Tc
Hc2(T) dependence for both field orientations may be w
fitted by the expression

Hc2~T!/Hc2~0!5A~12T/Tc!
a, ~1!
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with very different fitting parametersA and a: A51.225,
a51.185 andA51.62,a51.59 forHic andHiab, respec-
tively. Furthermore, due to the different temperature dep
dence ofHc2i and Hc2' the upper critical field anisotropy
shows remarkable temperature dependence increasing
2.2 close toTc up to about 3 below 30 K. Also, it is worth
mentioning that to the best of our knowledge exponena
51.59 obtained forHiab geometry is one of the highes
values so far experimentally found for any superconduc
From a theoretical point of view such large exponents
ceeding 1.5 have been predicted for narrow-band syst
with local attractive interactions.26 However, a negative cur
vature ofHc2(T) dependence clearly observed in MgB2 at
T,0.4– 0.5Tc ~see Fig. 4! is different from the low-
temperature behavior expected for superconductors with
cal pairing.26 This brief discussion clearly demonstrates t
ion
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need for more work on magnetic phase diagram of Mg2
close toTc including detailed theoretical study ofHc2(T) as
well as further experiments on MgB2 single crystals, e.g.
measurements ofHc2(T) by various methods.

In summary, we have used the in-plane transport meas
ments in magnetic field applied perpendicular and paralle
Mg and B sheets of MgB2 single crystals to determine th
upper critical field anisotropy of this recently discovered s
perconductor. The results indicate moderate value of the
per critical field anisotropy ratio that is nearly temperatu
independent at about 3.0 below 30 K and monotonously
creases tog52.2 approachingTc .

This work was supported by the New Energy and Ind
trial Technology Development Organization~NEDO! as Col-
laborative Research and Development of Fundamental T
nologies for Superconductivity Applications.
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